This paper broadly covets the issues of Chemical Rocket Engine Control.
INTRODUCTION
The purpose of this paper is to give a broad overview of Chemical Rocket Engine (CRE) control as background for Nuclear Thermal Rocket Engine control.
The paper will discuss the fundamental (underlying) physical issues in CRE control.
A brief discussion of modem CREs and their control will follow. This will include a discussion of the Space Shuttle Main Engine (SSME). Recent advanced control approaches for the SSME will be presented along with the benefits which ensue. Current research into Intelligent Control Systems for the SSME which allows high levels of adaptability to engine degradations will be discussed.
Finally the connections of current chemical rocket engine controls research to nuclear rocket controls will be explored. and the mixture ratio. The mixture ratio is important since for any propellant combination and pressure level, it sets the combustion temperature and hence the performance and the maximum material temperature. It is also important in terms of propellant utilization.
/ main chamber volume respectively.
In linear form the injectors are flow resistors so that ,C,/s) --_,_/s) +w_,fs) = k_(P,,.,fs) -P_(s)) + k2fP,.fs) -PJs)) (2) (3)
where Pt is the injector pressure. The feedline can be represented in lumped parameter form (continuity and momentum equations) or distributed hyperbolic form (wave equation).
In this configuration there are two inputs, namely the valve areas (positions) which control the individual propellant flows and hence the chamber pressure and mixture ratio.
A classical control for this simplified configuration is shown in Figure 2 . The following observations are made.
Chamber pressure responds to total weight flow. studied, and used in regard to the method that the turbines axe powered.
The various engine cycles each have their benefits and problems and a discussion of these is well beyond the scope of this paper.
Two representative cycles will be considered.
The first of these is the Gas Generator Cycle (Figure 3) . The fundamental feature of this cycle is that small amounts of propellant are taken from the main propellant feedlines to be burned in a small auxiliary combustor (gas generator). The generated gases power the turbopumps, and may be used to cool the nozzle and are expelled. The most likely mode of control for this cycle would be to regulate chamber pressure by controlling the gas generator pressure.
This would control the speed of both turbopumps and hence the total propellant delivered to the main combustion chamber. Either the oxidizer valve or fuel valve (or both depending on cycle design) could be used to control mixture ratio as the fast loop. From a high level perspective, this control philosophy is very much the same as that detailed in the previous section.
In the small, the control designer must assure that the local mixture ratio of the gas generator is controlled to assure gas generator and turbine integrity.
Also the flow/power balance between the two turbopumps, that is the propellant delivered by each turbopumps at a given gas generator conditions together with the main chamber cooling requirements will likely determine which main propellant valve will be used to control main chamber mixture ratio. valves to also he closed loop control valves. This actuator configuration is used in the multivariable control (MVC) comparison with the SSME Baseline control which follows the discussion of the baseline controller.
A number of measurement locations are shown in Figure 5 which represent a subset of the SSME ground test sensor suite. Note that the measurements shown are not necessarily Baseline engine control sensors. in Figure   7a shows a slight spike in Pc while MR experiences a large increase before returning to setpoint resulting in a temperature spike in the main combustion chamber which is not shown here.
The dotted line in Figure 7c shows the discharge temperature of the High Pressure Fuel Turbine rapidly approaching the redline cutoff while Figure 7d shows a rapid drop in High Pressure Oxidizer Turbine discharge temperature.
In the next section, the benefits of multivariable control for rocket engines will be discussed in the context of these two examples.
Multivariable Controller
Multivariable control (MVC) methods generally rely on linear state space models of the process to be controlled.
A perturbation model of a simplified (39 state) nonlinear dynamic engine model at rated power was used for control design (Musgrave 1991) .
The linear models of the SSME change very little from the 650 to the 109% power (thrust) level, therefore gain-scheduling was not required. :........................... ..... MVC allows the integration of multiple objectives of Pc, Mr, Tft2d, and Tot2d command following while decoupling each of the loops from the others using all six valves in Figure 5 as control valves. Figure 6 shows a multivariable design running at the same sampling rate as the Baseline control (50 hz). The solid line of Figure 6a represents the closed loop MVC response of 1)+to reference commands (dashed line). The BaseUne controller (dotted line) achieves slightly fighter 1:'=control than does MVC, however both are satisfactory. Control of MR (solid line) in Figure 6b compares favorably to the Baseline controller with excursions below the setpoint (cool side). The solid lines of Figures 6c and 6<t demonstrate the command following capability of the MVC for Tft2d and Tot2d (solid lines) to reference commands (dashed lines).
Redline Limit
The benefit of MVC is demonstrated for 10% decrease in High Pressure Fuel Turbine efficiency. In all cases for the MVC of Figure 7 as with Baseline, reference commands for P=,MR, TR2d and Tot2d are kept constant at their respective 100% power values. In Figure 7a , we see the controller automatically allowing a slight decrease (3%) in delivered chamber pressure while maintaining mixture ratio (solid line in Figure 7b ) thereby avoiding temperature excursions in the main chamber. The dramatic increase (21.9%) of Tft2d from Baseline in Figure 7c is reduced by the MVC to only a 6.25% increase in temperature. This action will preserve the turbine blade life and avoid an unnecessary redline shutdown. Finally, Figure 7d shows only a slight change in Tot2d for the MVC (solid fine) comp,'ued to the dramatic decrease of the Baseline control (dotted lines). Consequently, the MVC is capable of avoiding a potential redline cutoff which could compromise the mission and/or result in f_rther damage to engine components.
NEW DIRECTIONS

Rocket Engine Intelligent Control
The SSME ( Figure 5) A framework for an ICS is shown in Figure 8 . The framework provides a rational, top-down basis for the A practical baseline framework expanding these ideas for an SSME based Intelligent Control has been proposed (Nemeth 1990 ). An advanced framework for SSME Intelligent Control is given (Nemeth et al. 1991) . The promise of intelligent control is an engine system with greater durability and operability in the face of impending or actual component failure.
Life Extending Control
The concept of Life Extending Control (LEC) compliments that of Intelligent Control discussed above. In LEC the object is to minimize damage accumulation at critical points of the (engine) structure by the way in which the control moves the system through transients (or by the choice of operating domain). Such a concept must also maintain required dynamic performance. In contrast to Intelligent Control, LEC represents what can be done to enhance system durability through the direct control level. LEC is ,an interdisciplinary thrust between controls and materials/structural science (in particular, fatigue fracture mechanics).
Two broad classes of LEC have been conceptualized by (Lorenzo and Merrill 1991) . These are Implicit LEC which uses current technology cyclic based fracture/fatigue damage laws and the Continuous Life Prediction approach which assumes development of continuous differential forms of the damage laws. Only the Implicit LEC concept will be discussed here in order to expose the basic ideas.
The implicit approach to LEC recognizes that current fracture/fatigue science can not predict the differential damage on less than a full cycle of strain. The implicit approach (see Figure 9 ) selects a sequence of typical command transients (and disturbances) that are representative of those the system would experience in service. Two 
EXTENSIONS TO NUCLEAR PROPULSION
While the Nuclear Thermal Rocket engine is conceptually similar to a chemical rocket engine, it is significantly different in several important ways. One potential Nuclear Rocket Engine cycle is shown in Figure 11 . Both systems create thrust by heating a working fluid and expanding it through a convergent-divergent nozzle to supersonic velocities. Additionally, turbomachinery provides the necessary supply pressures for the working fluid. The fundamental difference is the heat source in the nuclear rocket results from the reactor core instead of a chemical combustion process. Specific Impulse (defined as I,p = Thrust ] _T) for a rocket engine can be expressed as I,p = K'4T. In a chemical rocket the temperature is set by the propellant combination. In a nuclear thermal rocket the temperature is set by the reactor conditions. Thus I,p is fixed for the chemical rocket but variable for a nuclear thermal rocket limited by core material temperatures.
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Various studies of nuclear rocket control have been performed (Sanders et at. .
1962,
The basic control objective of a nuclear rocket is to control thrust level via flow through the turbine and temperature (I,p) via core reaction rates (control drums). Temperature control is similar to mixture ratio control in chemical rockets.
However, the fundamental dynamics of the heat addition are quite different. An increase of working fluid (Hydrogen for example) into the reactor core thermally reduces core temperature through heat transfer while simultaneously increasing heat generation by increasing the neutron flux (Crouch 1965 
SUMMARY
This paper provided an overview of chemical rocket propulsion control and new technology developments in this area. It is expected that many of these new technologies will find application in the Nuclear Rocket Engine. Public reporting burden for this collection o_ information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathedng snd maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect ot this collection of information, including suggestions for reducing this burden, to Washtnglo_ Headquarters Services, Directorate for information Operations 
